Glomar C. R. Luigs is a state of the art, ultra-deep water, drillship, equipped with Nautronix ASK 5003 dynamic positioning controller, which controls the thrust vector from six (6), 5 MW each, azimuthing thrusters to provide superb stationkeeping capability. The system meets the ABS class requirements for DPS-3. The basic elements of a Dynamic Positioning System (DPS) are: (1) Sensor System, (2) Controller, (3) Thruster System, (4) Power System. The emphasis of this paper is on the thruster system. The thruster design has been optimized to satisfy the conflicting requirements for stationkeeping and propulsion.
Introduction
Global Marine pioneered drilling from a floater, particularly a drillship. A drillship's mobility, payload capacity, safety record, and ability to head into the weather, gave it a tremendous advantage to operate in almost all geographical regions of the world, albeit seasonal operation in harsh weather areas. After the advent of jackup and semisubmersible drilling units, the use of a drillship declined in comparison, as the former's unique design features found an optimum application for specific geographical areas.
However, the potential for finding large hydrocarbon reservoirs in ultra-deep waters has lead to a recent resurgence in the commissioning of ultra-deep water drillships, 3-5 times the size of the earlier designs. Glomar C. R. Luigs is a state of the art, ultra-deep water, drillship, equipped with Nautronix ASK 5003 dynamic positioning controller, which controls the thrust vector from six (6) azimuthing thrusters to provide superb stationkeeping capability. This paper discusses the design of the thruster system to satisfy the dual but conflicting requirements for stationkeeping and propulsion. The paper demonstrates that an optimum thruster design was achieved to satisfy these two requirements. The drillship is equipped with the latest in material handling and drilling equipment in order to maximize operational productivity (Reference 1).
2.
Mission and Principal Particulars Though initially equipped for drilling a 35,000 feet well (below sea level) in 9,000 feet of water depth, Glomar C. R. Luigs is capable of drilling in 12,000 feet water depth in metocean conditions equivalent to those listed in Table 1 . The thruster arrangement and the principal particulars of the drillship are presented in Figure 1 . The payload capacity, motion response, stationkeeping, mobility, vessel/power management systems, drilling system, material handling system, safety systems -all combine to produce an efficient drilling machine in the hands of a well trained crew. The drillship has a storage capacity for 130,000 barrels of crude oil for conducting Extended Well Testing operations.
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3.
Thruster System Design Thruster system design consisted of the following steps:
• Preliminary estimate of total DP power requirements • Number, placement, and sizing of thrusters • Preliminary prediction of thruster system performance • Model test verification of prediction • Final thruster design 3.1 Preliminary DP Power Estimate. Preliminary estimate was made by the use of a thumb rule for DP stationkeeping performance in the Gulf of Mexico (GOM). The rule was developed by Howard Shatto and formally christened as HSSC (Howard Shatto Sanity Check) in Reference 2. The rule states that the wind load due to a 61-knot beam wind should not be greater than 80% of the total available thrust. Next, knowing the number of thrusters, one can estimate the power rating for one thruster. Reference 2 lists a companion formula for estimating the total installed power based on the power rating of one thruster. We found the estimates, based on these empirical rules, were confirmed by formal analytical studies.
The total DP power requirement was estimated at 30 MW (40,214 HP). The DP horsepower per ton of the operating displacement is another index of a DP vessel's stationkeeping capability. Glomar C. R. Luigs has 0.617 DP horsepower per ton displacement, which is substantially greater than that for any drillship of similar payload and water depth ratings. Therefore, this vessel and its sister vessel Glomar Jack Ryan are considered to be more capable in handling the situations such as hurricane, sudden squall, and eddy current.
3.2 Number, Placement, and Sizing of Thrusters. The thruster system power of 30 MW was divided equally divided into six (6) azimuthing thrusters, 5 MW each. Three (3) thrusters were arranged forward (CL & P/S) and the remaining three (3) were arranged aft (CL & P/S). See Figure 1 . The criteria for the transverse and longitudinal placement of thrusters was to minimize the thrust degradation from thrusterthruster interaction. The thruster-hull interaction and frictional losses were minimized by tilting the nozzle outlet of the thrusters downward by 5 degrees. The arrangement allows continuous operation with one thruster off line. Other factors considered are listed below:
Mechanically simple and reliable in control. This led to the selection of fixed pitch thrusters.
Ease of repair and maintenance. This led to the design requirement that the thrusters be retrievable on the deck for repair and inspection. The result was a rack and pinion type jacking system, which can retrieve the thruster canister from the thruster well on to the deck.
Effective use of thrust. This led to the choice of azimuthing thrusters as compared to a combination of tunnel and azimuthing thrusters. The azimuthing thrusters allow an optimum use of thrust, especially when the vessel heading has an oblique angle with the resultant environmental load vector.
Harbor operation. The vessel can sail into a harbor or a shipyard without removing the thrusters, because the thrusters can be retracted inside the hull into the thruster wells.
All thrusters are identical. To minimize the cost of spare parts and the maintenance costs, it was decided to have all thrusters of identical design.
3.3
Preliminary Prediction of Thruster System Performance. IHC Gusto Engineering carried out the preliminary vessel design including the sizing of the power plant to support drilling, hotel and stationkeeping functions. Gusto utilized their proprietary software to conduct quasistatic and time domain simulations in order to determine the optimum size, number and placement of the thrusters for the DPS. The stationkeeping performance was predicted for the following GOM return period metocean conditions: 
Final Thruster Design
A parametric analysis of the performance of the azimuthing thrusters was carried out with the propeller design point as variable. The scope of the analysis was:
• To establish the optimum propeller design point considering the results of the thruster performance calculations for stationkeeping and transit operations for several propeller design options (propeller design point at bollard pull, 2, 4, 6, or 13 knots inflow velocity). The final recommendation for the selection of the propeller design point (i.e., the pitch of the propeller) should yield an acceptable performance during both modes of operation -stationkeeping and transit -and an acceptable range of field weakening for the thruster drive system. Kamewa Aquamaster indicated a preference for keeping the field weakening range of the propeller drive (which is associated with a thruster rpm increase) within 10% of the nominal thruster design rpm.
• To predict the speed of the vessel in transit (using all six thrusters) and shallow water maneuvering (using the two stern thrusters only), for 100% as well as 80% power levels. The available documentation for conducting this study is included in References 4 and 5. Reference 4 provided the resistance of the vessel. Reference 5 presented the performance of the thrusters from zero inflow velocity to 16 knots vessel speed, with the propeller design point (bollard pull, 8, and 13 knots inflow velocity) as parameter. Kamewa selected a propeller diameter of 4100 mm and RPM of 151 (nominal) and 166 (maximum). The challenge was to determine the propeller design point that results in an optimum performance in stationkeeping as well as propulsion, two conflicting requirements. For a fixed pitch propeller, the design point for the highest efficiency can either be the transit mode or the stationkeeping mode, but not for both. The reason is that the propeller pitch (for a given propeller diameter) to absorb 5 MW power with the maximum feasible forward speed (transit mode) is significantly different from that required to absorb the same power with zero forward speed (bollard pull or stationkeeping mode). However, it is possible to select the propeller design point in between these two limiting cases, and optimize the design for both stationkeeping and propulsion. This is discussed in Section 4.1.
Propeller Optimization.
Computations were carried out for the performance of the thruster propeller at several design points with the inflow velocity as parameter (Reference 6):
The recommendation for the optimum propeller design point selection were based on the results of these calculations, considering the trade-off such as performance during stationkeeping, performance during transit, i.e., obtainable speed of the vessel, and thruster-specific parameters such as the required rpm range to yield optimum performance. The two extreme propeller design options are:
Bollard pull. A propeller designed for bollard pull yields the highest performance for stationkeeping. In order to apply full rated power to the propeller at increased inflow velocities including transit speed, the rpm of the propeller must be increased following the characteristic of the specific propeller. This rpm increase at rated power is feasible for thruster drive systems such as SCR controlled, shunt-field DC motors, or variable speed AC drives. A speed increase of 20% over the nominal rpm can be typically achieved from these drive systems. Kamewa Aquamaster, however, prefers to limit the rpm increase of their thrusters to approximately 10%. The required rpm range for the operation of a propeller from stationkeeping through transit speed depends on propeller parameters and, most of all, the transit speed of the vessel. Most of the applications fall within the 20% rpm range.
Transit speed. A propeller designed for transit speed yields the highest efficiency at this point; however, the stationkeeping capability is reduced. In the range from transit speed to zero speed, the drive system can only be operated at maximum torque level, which requires a reduction in rpm and reduces the power applied to the propeller and consequently the thrust output.
The results of the calculations indicate quantitative values for the performance of the propeller at the various design points. It must be noted that these calculations represent the theoretical performance of the propeller and the nozzle only. They do not account for any reduction in thrust or propeller/nozzle efficiency due to the presence of the thruster gear housing, support struts, etc. These factors are treated later on in this paper. Table 2 shows the summary of the results of the propeller optimization calculation:
• The highest bollard pull values can be achieved by designing the propeller for zero inflow. The thrust of this propeller at 14 knots is 10% lower than that of the propeller designed for 13 knots. An increase in the rpm of more than 15% is required.
• Designing the propeller for 13 knots yields the highest thrust at transit speed, but reduces the thrust available at bollard pull by 10%. RPM increase for 14 knots transit speed in negligible.
• The listed values for design points 2, 4, 6, and 8 knots indicate feasible compromise designs. Reviewing the results of the calculations, the inflow velocity of 6 knots was selected as the optimum propeller design point for propulsion as well as stationkeeping: • Bollard pull is marginally reduced (approximately 1.5%) • Thrust at 14 knots is 6% higher than that of a propeller designed for bollard pull • RPM increase for full power at 14 knots is 12%, an increase which should be accommodated by Kamewa • Maximum motor output at bollard pull is 4804 kW
5.
Vessel Speed Prediction The resistance of the vessel is documented in Reference 3. For the propeller designed for 6 knots inflow velocity (pitch/diameter ratio = 0.99), a series of calculations were carried out to predict the speed of the vessel during transit with six (6) thrusters and shallow water operation utilizing the two (2) stern thrusters only. The calculations were carried out for 100% power and 80% power (Reference 6). The following notes apply to these calculations (Tables 3 & 4 
and Figures 3 & 4):
• The basic calculation procedure is similar to that applied for the propeller optimization calculations. However, the drag of the thruster was considered by introducing a thrust deduction factor of 0.9 through the entire range of calculations. This may lead to optimistic results in the higher velocity ranges.
• The resistance of the vessel was taken from Reference 3.
The MARIN results indicate the resistance of the vessel at tank conditions, i.e., no wind, no waves, clean hull, etc. In order to yield more realistic results, we introduced a service allowance factor of 1.25 to the tank resistance value. The speed prediction graphs include this factor.
• The stern thrusters were treated in the calculations in the same way as the thruster mounted under the bottom of the hull. Factors such as wake fraction, thrust deduction fraction, and hull efficiency were neglected. Any thrusterhull or thruster-thruster interaction effects that may affect the results of these propulsion calculations are negligible and, therefore, were neglected. Under above listed conditions, the speed prediction for the Glomar C. R. Luigs is approximately as follows:
• 100% power -all 6 thrusters 14.1 knots • 100% power -2 stern thrusters only 10.1 knots • 80% power -all 6 thrusters 13.1 knots • 80% power -2 stern thrusters only 9.6 knots
6.
Stationkeeping Performance This section presents the stationkeeping capabilities of the vessel during drilling operations. It determines the required thruster loads at various environmental conditions (Table 1) expressed in wind speed, current speed, and wave drift forces. The results are presented in polar plots indicating the required thrust levels as a fraction of the maximum available thrust as well as the required thruster torque as a fraction of the maximum allowable torque for the two groups of thrusters. Active thrusters as well as thrusters out of service are considered. The performance prediction is determined in accordance with the requirements of Reference 7. The DP stationkeeping capability plots are provided for the following operating modes:
• Intact System -all thrusters functional.
• Damaged System -DPS-2 (one thruster out) and DPS-3 (one main power plant/switchboard out). For the DPS-3 mode, two forward thrusters and two aft thrusters are available. This was achieved by feeding the two portside thrusters (fwd & aft) from the port switchboard, two starboard thrusters (fwd & aft) from the starboard switchboard, and the two centerline thrusters (fwd & aft) from both the port and starboard switchboards. The latter pair can be switched between the port and starboard switchboards. Table 2 have been corrected for hull-thruster interaction, thruster housing, and the thrust degradation due to current inflow velocities (Reference 8). These correction factors are presented in Table  5 and Figure 5 . These data were incorporated into the calculations.
Thrust. The bollard pull thrust values in

Control of Power and Torque.
The design point of the propeller was selected for 6 knots inflow velocity. From zero inflow velocity to the design inflow velocity of 6 knots, the thrusters are controlled by varying the input voltage to the drive motor which regulates the rpm of the motor. The limitation for this operation of the thrusters is the maximum allowable torque (or maximum allowable current of the drive motor). For the operating range from 6 knots to the maximum transit speed, the thruster motor is controlled by field weakening, i.e., increasing the motor rpm beyond the nominal or base speed of the motor. The limitation for this operation is the maximum available power. Since the thrusters will be operated during stationkeeping operations from zero to maximum torque (at slightly reduced rpm and power), the stationkeeping capability polar plots (see below) for the propeller load also indicate the torque level as a fraction of the maximum allowable torque.
Cross-Coupled Side Force.
During some DP operations, in particular when executing yaw maneuvers, the thrusters are pointed in a direction which deviates from the direction of the incoming current. The propellers then operate at oblique inflow angles. In this condition, in addition to the propeller thrust, a cross-coupled side force, orthogonal to the propeller axis, is generated. Table 6 and Figure 6 present the correction factors for the cross-coupled side force as a fraction of the bollard pull and a function of the inflow angle (Reference 8). This data was incorporated into the calculation procedure.
Forbidden Zones.
The results presented in this paper do not incorporate the effect of thruster forbidden zones into the analysis (Reference 8). These forbidden zones are shown in Figures 7 and 8 . The forbidden zones arise from thrusterthruster interaction and thruster -skeg interaction. The typical width of a forbidden zone for the Glomar C.R. Luigs thruster arrangement is ±15° for thruster-thruster interaction, and ±10°f or thruster-skeg interaction. For example, if thrusters 2 and 3 are producing thrust to port beam, the downstream thruster (#2, in this case) would experience significant reduction in thrust within ±15° off the beam direction, due to the wake of thruster #3 blowing into thruster #2. However, Nautronix's ASK 5003 DP system controller incorporates these forbidden zones and would automatically steer the upstream thruster out of its forbidden zone. By steering the upstream thruster out of the forbidden zone by ±15°, the maximum reduction of effective thrust is about 3.4% (1-cos15°) . If the forbidden zones were taken into account, the mathematical model for the calculations would have grown by a factor of three, but without altering the overall conclusions of the study. Therefore, the additional complications to the mathematical model were not justified and the forbidden zones were ignored in this study.
Methodology. The calculation method is based on the usage of MATHCAD Professional, Version 8 (Reference 8).
The objective was to determine the thruster forces required to keep the vessel on location during various environmental conditions. The method determines the equilibrium between the steady state environmental forces acting upon the vessel and the forces generated by the thrusters. For this report the environmental forces due to wind, waves, and current are imposed on the vessel collinearly and concurrently, although the calculation procedure allows the selection of individual incident angles for the three environmental forces. First, the thrust forces required to balance the environmental forces are calculated. Next, the torque required from the thrusters to generate the required thrust, are calculated. The torque calculation considers the thruster propeller characteristic, including the thrust degradation due to the current velocity. Since the design point of the propellers is selected at 6 knots inflow velocity, the limiting load factor during stationkeeping (between bollard pull and six knots) is torque. Due to the interaction of the variable speed AC drive system with the propeller characteristics, the thrusters can be operated to the maximum allowable torque level during the stationkeeping mode. For the development of the calculation procedure, the vessel's six (6) thrusters were grouped into two groups as follows:
• Forward azimuthing thrusters, which includes thrusters 1, 2, and 3 ( Figure 1 ) • Aft azimuthing thrusters, which includes thruster 4, 5, and 6 ( Figure 1) In the polar plots, each of these thruster groups is represented by a separate trace for its combined thrust contribution as well as for the combined torque required to generate the thrust under the given conditions such as inflow velocity, inflow angle, etc. However, each thruster in the forward or aft group is treated separately with its individual coordinates in order to determine the polar plots for thrust and torque. For example, for the DPS-2 failure mode, any of the six thrusters can be deactivated. The total required thrust forces are equally allocated between the two thruster groups. The environmental forces acting against the vessel are the surge (X), sway (Y), and a yaw moment (M). The calculation procedure establishes the equilibrium of these known forces and moment with the unknown forces and moment generated by the thrusters. The three unknown values are the thrust generated by the forward and aft thruster group, the azimuthing angle of the forward thruster group, and the azimuthing angle of the aft thruster group. The results (thrust and torque of the forward and aft thruster groups) of the non-linear equation are plotted in a polar diagrams for 0-360 degrees in ten-degree intervals. The following cases for the intact condition and failure modes were considered in the computations: Case 1. This is the intact case. All thrusters are available at full load. This is the normal operating condition.
Case 2. Thruster No. 1 is out (DPS-2 condition). This mode considers failure of the thruster in the bow. Due to the longest moment arm, it is the most critical thruster for vessel heading control.
Case 3. Port power plant is out (DPS-3 condition). In this mode, thrusters 3 and 6 are out. Thruster 4, normally assigned to the port power plant, is switched to the starboard power plant. (Starboard power plant out, is treated similarly.)
In all, ninety-eight (98) polar plots were calculated, representing various combinations of operating modes, failure modes, vessel draft and environmental conditions. Only a few representative plots are shown in Figures 9, 10 , and 11.
7.
Results The results of the stationkeeping capability plots lead to the following conclusions: Intact Condition. The static holding calculations indicate that the vessel is capable of keeping position in all environmental conditions equivalent to those listed in Table 1 , except the 100-year hurricane. The results for the intact cases are presented in Table 7 . DPS-2 Notation. The static holding calculations for the vessel indicate that the vessel is capable of keeping station and/or operating in the environmental conditions equivalent to those listed in Table 1 after loss of a critical thruster, except the 100-year hurricane. Hence it complies with the DPS-2 notation requirements of Reference 5. DPS-3 Notation. The static holding calculations indicate that the vessel is capable of keeping position after loss of one power plant during the environmental conditions equivalent to those listed in Table 1 , except the 100-year hurricane. Hence it complies with the DPS-3 notation requirements of Reference 5.
8.
Conclusions Main conclusions of this study are as follows:
• The thruster system propeller has been designed to provide optimum propulsion and stationkeeping performance, two inherently conflicting requirements.
• The vessel speed during transit is expected to be about 14 knots with all of the six (6) thrusters operating at 100% of power, and about 10 knots with only two aft thrusters operating at 100% power. At 80% of power, the respective speeds are expected to be 13 and 9.5 knots.
• For stationkeeping, the thrust output in the bollard pull condition (zero inflow velocity) is only 1.5% less than that would have been possible were the propeller designed for zero inflow velocity instead of 6 knots inflow velocity.
• Glomar C. R. Luigs complies with the ABS DPS-2 and DPS-3 requirements for all environmental conditions equivalent to those listed in Table 1 , except the 100-year hurricane. Thrust at one knot current velocity Y1 Side force at one knot current velocity T2
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